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PI ytochromobilm (P*B), the chromophore of the 
phytoc^rorne family of photoreceptors, i 3 synthe- 
sized ,n the plastid from 5-aminolevulink add via 

et a f B T^ ran T? *' Wapjmole pathway (Terry 
et aL, 1993) There are two enzymatic steps in the 
synthesis of P*B from heme: The conversion^ heme 
to bthverdin (BV) IX« (Weller et al., 1996) and the 
reduction of BV IXa to 3Z-P*B (Terry et al 19951 
and two corresponding mutants, hyl and hy2, have 

SS^ 6 ?*!! ly ' *? mi WmmoXo etal., 1999) and 
(Kohchi et aL, 2001) genes were cloned from 

5?5J? PMB- ^ C de , duced a«d sequence 0 f 

Uie HY1 gene shows low but significant homology to 
^"f* from non-plant species (Muramoto 
et al 1999), whereas the HY2 gene is a m ember of a 
X I ? ^ durt ? se S^e family (Frankenberg et aL 
2001; Kohchi et al., 2001). Preliminary experiments 
using crude extracts of Escherichia colt confirmed that 
recombinant HY1 protein has heme oxygenase activ- 
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£! Z > 0t ° ? al " im) ' ^ ou ^ no characteriza- 
»£L- , V™* 1 ** P ro,em performed. The HYl 
protein also includes a transit peptide that was 
shown to target the gene product to plastids (Mu- 
ramoto et al., 1999) Thus, the Arabidopsis HY1 gene 
encodes for a plasfadic heme oxygenase, AtHOl (Ara- 
bidops* heme oxygenase-1), required for pLto- 

ad^Honf, m ° Ph0 I e bi ° s y nthesi * Recently, three 
addihonal genes for heme oxygenase (AtHOl 

rfiSf.!^ al5 ° de , tected in * e genome sequence 
database (Davis et al., 1999; Muramoto et al 1999) 

bfrlvnrh 16 f °K A ^ 02 ta PM°chrome chromophore" 
biosynthesis has been proposed (Davis et al., 2001) 
Heme oxygenase catalyzes the stereospecific cleav- 

rS 6 *? t0 ? V with the release of Fe2+ and CO 

(Orhz de Montellano, 1998). In general, it is the IXa 
isomer of BV that is produced, although recently a 
heme oxygenase catalyzing the conversion of heme 
to predominantly BV IX/3 was reported (Ratliff et 2,! 

I" 68 8nco * n 8 heme oxygenases have been 
isolated from a wide variety of organisms including 
humans, other animals, red algae, cryptophytes, cya- 
nobacteria, and pathogenic bacteria (Ortiz de Mon- 
tellano and Wilts, 2001). These heme oxygenases 

W,de Variety of celIular Actions and ex- 
hibit different enzymatic characteristics. In mam- 
mals, heme oxygenases are involved not only in 
heme catabolism, but are also thought to be impor- 
tant in neural function and in protection against ox- 

*J2mw* S ^ d ? ssu * ' miui y ( ° rtiz de Montellano 
and Wilks, 2001). In some pathogenic bacteria, heme 
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oxygenase is used to scavenge iron from the host 
during infection (Ortiz de Montellano and Wilks, 
2001)/ whereas in cyanobacteria and algae, heme ox- 
ygenase is required for the synthesis of the phycobi- 
lin chromophores for photosynthetic light harvesting 
(Beale, 1993). 

These different functions are reflected in different 
cellular locations and enzymatic properties. Animal 
heme oxygenase is a membrane-bound enzyme local- 
ized in microsomes (Ortiz de Montellano and Wilks, 
2001). In this system, the electrons required for the 
reaction are derived from NADPH-cytochrome P450 
reductase. In contrast algal, eyanobacterial, and bac- 
terial heme oxygenases are soluble enzymes (Cornejo 
and Beale, 1988; Cornejo et al., 1998; Wilks and 
Schmitt, 1998). The algal heme oxygenase/ which is 
probably localized in plastids, requires reduced 
ferredoxin to provide the electrons required for the 
reaction (Rhie and Beale, 1992). The eyanobacterial 
heme oxygenase has similar requirements and the 
activity of both enzymes was substantially increased 
by the presence of a second reductant such as ascor- 
bate (Rhie and Beale, 1995; Cornejo et al., 1998). 
Analysis of heme oxygenase from Corynebacterium 
diphth&tiae in vitro identified yet another redox part- 
ner, a putidaredoxin/putidaredoxin reductase sys- 
tem, although the nature of the reductant in vivo* is 
not known for any of the bacterial heme oxygenase 
isozymes (Wilks and Schmitt, 1998), The mammalian 
heme oxygenase reaction has been studied in some 
detail using recombinant proteins (Suzuki et aL, 1992; 
Wilks and Ortiz de Montellano, 1993; Wilks et al., 
1995; Ortiz de Montellano and Wilks, 2001). The first 
step of the reaction is the formation of a stable com- 
plex with a heme molecule that is used as both sub- 
strate and prosthetic group. This is followed by three 
successive monooxygenation reactions to produce 
BV with the a-methene bridge carbon atom removed 
as carbon monoxide and the release of Fe 2+ . 

The redox partner used by higher plant heme oxy~ 
genases is not currently known. The plasrid location 
of this enzyme suggests that ferredoxin could be the 
preferred electron donor; however, analysis of 
known heme oxygenase sequences indicates that the 
core domain of AtHOl appears to be equally diver- 
gent from that of both animal and cyanobacterial/ 
algal sequences (Davis et al, 2001; Terry et al v 2002), 
To understand how the mechanism and cofactor re- 
quirements of plant heme oxygenases compare with 
those of its mammalian, algal, and bacterial counter- 
parts we have purified recombinant AtHOl ex- 
pressed from an £. coli expression system and char- 
acterized the reaction catalyzed by this enzyme. We 
show that AtHOl is expressed in high yield and 
shows a dependence on reduced ferredoxin, a second 
reductant, and a strong iron chelator for maximum 
activity. These attributes are discussed in an evolu- 
tionary and functional context. 
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RESULTS 

Expression and Purification of AtHOl 

E. coli BL21 cells were transformed with the pGEX- 
HYlATP plasmid and expression of AtHOl fused to 
glutathione S-transferase (GST) was induced with 
isopropyl-j3-D-thiogalactopyranoside. This resulted 
in the cells turning a yellow-brown color (data not 
shown), in contrast to the situation reported previ- 
ously for the expression of mammalian (Suzuki et al., 
1992; Wilks and Ortiz de Montellano, 1993), cya- 
nobacterial (Cornejo et al., 1998), and bacterial (Wilks 
and Schmitt, 1998) heme oxygenases in E. coli in 
which the cells turned green because of BV accumu- 
lation. This may indicate that AtHOl is unable to use 
E. coli reductases to complete the heme oxygenase 
reaction or, alternatively, that the fusion protein is 
not fully active in vivo. 

The GST:AtH01 fusion protein was expressed as a 
soluble protein of 53 kD as determined by SDS-PAGE 
(Fig, 1, lane 1). Recombinant AtHOl was purified by 
affinity chromatography, thrombin digestion, and 
anion-exchange chromatography to yield a protein 
that gave a single band at 27 kD (Fig. 1, lane 4). The 
final yield of purified AtHOl from a 1-L culture was 
estimated to be about 100 mg. Full activity of AtHOl 
was maintained for at least 3 months during storage 
at -30 o C in 50 mM HEPES-NaOH (pH 7.2) contain- 
ing 40% (v/v) glycerol 
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Hgure 1. Purification of recombinant AtHOl protein. SDS-PAGE 
analysis of recombinant AtHOt. Lane M, Molecular ma« markers. 
Lane 1, GST: AtHOt after glutathione-Sephg rose affinity chromatog- 
raphy. Lane 2, GST: AtHOl after thrombin digestion. Lane 3, Flow- 
through fraction of glulathlone-Sepharose affinity chromatography of 
sample shown in lane 2. Lane 4, Purified AtHOl after Q Seph arose 
column chromatography. Arrow indicate the position of AtHOl. 
The protein fraction shown in fane 4 was used for further study. 
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Formation of the Heme-AtHOl Complex 

One of the unusual characteristics of heme oxyge- 
nases is that they use heme both as a substrate and a 
prosthetic group, and can form a stable complex with, 
heme (Yoshida and Kikuehi, 1978a). To investigate 
whether recombinant AtHOl could form such a com- 
plex, AtHOl was incubated with heme and the ab- 
sorption spectrum recorded after removal of excess 
heme by passage through a hydroxyapatite column. 
The absorption spectrum of the heme-AtHOl com- 
plex is shown in Figure 2A. The spectrum is typical of 
a hemoprotein with a Soret maximum at 405 run 
similar to that previously reported for ferric heme- 
heme oxygenase complexes (Yoshida and Kikuehi, 
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Figure 2. The heme-AtHOl complex. A, Absorption spectrum of the 
heme-AtHOt complex (solid line) and free heme (dotted line). In*et, 
Reciprocal plot for heme binding determined by difference absorp- 
tfon spectroscopy. B, Spectrophotometry titration of AtHOT; black 
circle*, hemln with 5 h*m AtHOl; and white circles, heminonfy. The 
dashed line* indicate the extensions of the two linear phases of the 
AtHOl :hemln titration data. 
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1978a; Wilks and Ortiz de Montellano, 1993; Wilks 
and Schmitt, 1998). 

Titration of AtHOl with hemin was carried out by 
after absorbance change* at 405 nm, close to the Soret 
maxima of bound and free hemin* As shown in Figure 
2B, the titration curve of AtHOl with hemin gave a 
well-defined inflection point corresponding to a molar 
stoichiomerry of heme and AtHOl of 1:1. We calcu- 
lated the heme binding constant (K d ) by difference 
absorption spectroscopy according to the method of 
Wilks and Schmitt (1998) and obtained a value of 
approximately 1,5 jam (Fig. 2A, inset). This is close to 
the values of 2.5 and 0.84 /xm reported for recombinant 
C. diptheriae (Wilks and Schmitt/ 199S) and human 
(Wilks et al„ 1996) heme oxygenases, respectively. 

AtHOl Is a Ferredoxin-Dependent Heme Oxygenase 

To confirm that AtHOl is a heme oxygenase, we 
followed the reaction spectrophotometrically (Fig 3) 
Incubation of AtHOl and heme with reduced ferre- 
doxin resulted in the disappearance of the AtHOl- 
heme complex with a shift of the Soret peak to 410 
nm and the appearance of two peaks with maxima at 
540 and 578 nm (Fig. 3A). These peaks are indicative 
of a ferrous dioxyheme complex [HemetFe^J-Oj] as 
^ 0 be ^?,^ served Piously (Yoshida and Kikuchi, 
1978a; Wilks and Ortiz de Montellano, 1993; Wilks 
and Schmitt, 1998). Under these conditions, no BV 
formation was detected. When the iron chelator des- 
feroxamine was included in the assay, a broad peak 
at around 650 to 670 nm was observed indicating the 
formation of BV (Fig. 3B). Analysis of other potential 
iron chelators indicated that o-phenanthrolin was al- 
most as effective as desferoxamine, whereas 4,5- 
dihydroxy-l^^benzene disulphonic acid (Tiron) also 
supported BV formation (Table I). 

Both algal (Rhie and Beale, 1992) and cyanobacte- 
rial (Cornejo et al, 1998) heme oxygenases use ferre- 
doxin as the principal reductant. In these systems, a 
second reductant substantially increases enzyme ac- 
tivity; therefore, we examined the effect of additional 
reductants on AtHOl activity. Ascorbate increased 
the rate of BV formation by about 10-fold (Fig. 3C; 
Table II), with isoascorbate and 6-hydroxy-2,5,7,8- 
tetramethyIchroman-2-carboxyiic acid (Trolox) also 
significantly increasing AtHOl activity (Table II). In- 
terestingly, the peaks at 540 and 578 nm that ap- 
peared during the reaction with ferredoxin (with or 
without desferoxamine; Fig. 3, A and B) were not 
apparent in the presence of ascorbate (Fig. 3, C and 
D), indicating that the ferrous dioxyheme complex 
did not accumulate under these conditions. Consis- 
tent with this observation, the time course for AtHOl 
activity in the absence of ascorbate showed a lag 
phase, indicating that this reaction does not show 
typical Michaelis-Menten kinetics for BV formation 
with ferredoxin alone (Fig. 3B, inset). In contrast, in 
the presence of ascorbate, the reaction proceeded 
without a lag phase (Fig. 3C, inset) and showed 
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. Figure 3. Catalytic activity of AtHOl. Time- 
dependent absorbance changes were monitored 
during the AtHOl reaction with spectra taken at 
0, 5, 2a 60. 120, 300, and 600 4 after the 
addition of NADPH. A, Control reaction includ- 
ing recombinant AtHOl (10 ^m), hemrn (10 
mm), and ferredoxin (50 jig mL" 1 ). Inset, Change 
in ^f,so a * a function of time. B t Reaction + 
desferoxamine (2 mM). C, Reaction + ascor- 
bate (5 mM), + desferoxamine. Inset, Change in 
A Ufl (is a function of rime. O, Reaction + a$cor- 
bate, -ferredoxin, E, Reaction + ascorbate, 
+desferrioxamfne, -ferredoxin, F, Reaction - 
AtHOl, +a;corbate, + desferoxamine. Aster- 
isks indicate «-/0-bands of the ferrous dioxy- 
heme compfex. Arrows Indicate the direction of 
abwrbance changes during incubation. 
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normal Michaelis-Menten kinetics (data not shown) 
Control experiments in which either AtHOl was ex- 
cluded from the reaction (Fig. 3F) or ferredoxin was 
removed (Pig. 3E) did not result in the appearance of 
the ferrous dioxyheme complex or BV, indicating 
that both components are absolutely essential for the 
reaction to proceed under these conditions. In addi- 
tion, AtHOl was not active if cytochrome P450 re- 
ductase was substituted for ferredoxin (data not 
shown). 

To gain further insight into the function of AtHOl 
in vivo, we tested the ability of isolated thylakoid 
membranes to drive ferredoxm-mediated BV synthe- 
sis in the presence of light. Figure 4 shows that the 
conversion of heme to B V was dramatically increased 
upon illumination. This result was dependent on the 
presence of ferredoxin and AtHOl and BV production 
was prevented by the electron transport inhibitor 
DCMU (Fig. 4B). Furthermore, inhibition by DCMU 
could be overcome if electrons were donated directly 
to PSI using reduced dichloroindophenol, indicating 
that PSI is the site of ferredoxin reduction. These re- 
sults indicate that ferredoxin can mediate light-driven 
BV formation by AtHOl and support a role for ferre- 
doxin as the primary electron donor in vivo. 



AtHOl Converts Heme to BV IXa and CO 

To establish that only the IX« isomer of BV was 
produced during the heme oxygenase reaction, pig- 
ments were extracted from the reaction mixture aiter 
completion of the reaction, esterified, and analyzed 
by HPLC (Fig. 5). The extracted products are shown 
in trace a (Fig. 5), The major peak with a retention 
time of 18.6 min corresponded to authentic BV IXa 
(trace b), The chemically synthesized products con- 
taming all four isomers of BV IX were also analyzed 
(trace c) and the product of the AtHOl reaction w as 
shown to co-eiute with the IXa isomer of BV (trace d). 
Therefore, the product of the AtHOl reaction is ex- 
clusively BV IXa. 

Oxidative cleavage of heme results in the release of 
CO; therefore, we analyzed CO synthesis using a 
myoglobin-binding assay based on difference ab- 
sorption spectroscopy (Wilks and Schmitt, 1998). Af- 
ter incubation with the AtHOl reaction mixture, the 
myoglobin Soret band was observed to shift from 408 
to 421 nm, with the appearance of a/$ absorption 
bands at 568 and 538 nm, respectively (Fig, 6). The 
conversion of the ferric myoglobin to the ferrous 
carbon monoxide-bound myoglobin indicates that 



Table I, The effect of chelator on the AtHOl taction 

Reactions were carried out for 10 min using the standard heme 
oxygenase assay as described in "Materials and Methods* with des- 
feroxamine replaced by different che lators, 
Chelator (2 Mm} 



Desferoxamine 
Tiron 

t7-Phenanthrolin 
EDTA 

No chelator 
No enzyme 



BV 

1.71 
0.81 
171 
0.69 
0.43 
0,02 
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Reffltivg Activity 

100 

100 
404 
25.1 
1.1 



Table II. The effect of reduction on ihe AtHOl reaction 

Reactions were carried out for 10 min using the standard herns 
Oxygenase assay as described in "Materials and Methods'" with aseor- 
bate replaced by different reductants. 



Rctfjcta/Hs (5 mM) 



a ND, Not detectable. 



BV 



Ascorbate 

Iso-ascorbate 

Dehydroascorbate 

Oidioihreilol 

Trolox 

None 



nmo! min" 

1.46 
1.16 
0.23 
NO* 
0.81 
0.14 



Relative Activity 



% 

100 
81.0 
15.8 
ND 
55.3 
9.8 
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Figure 4. Light dependency of the AtHOl reaction. LfgM depen- 
dency of the AtHOl reaction was observed using isolated thytakoid 
membranes a; an electron donor. A, Th« reaction was incubated at 
25 8 C in the dark (dashed line) or irradiated with white light after 
ICQ s (solid line) as indicated by the arrow and absorbance wa* 
monitored at 6$0 nm (indicating BV synthesis), &, The relative 
AtHOl activity determined as the rate of change of was mea^ 
cured in the complete reaction in the tight (complete) and in darkness 
(dark), in the absence of ferredoxin (AFd) or AtHOl (AHY1), and in 
the presence of to dichlorophenytdimethylurea (DCMU) or 10 
(iM DCMU and 100 jwu dichloroindophano). Error bars indicate t SB. 

CO is a product of the AtHOl reaction. We moni- 
tored the production of CO under a number of dif- 
ferent reaction conditions. CO production was ob- 
served in the absence of astorbate, although the rate 
of production was reduced (data not shown). Simi- 
larly, the exclusion of the iron chelator de&fer rioxam- 
ine ateo resulted in a reduced rate of CO production 
(data not shown). 

Reaction Properties 

We determined the optimum pH and temperature 
for the AtHOl reaction (Fig. 7). These experiments 
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were performed in the presence of excess ferredoxin 
NTADP 4 reductase ao that the results reflected the 
properties of AtHOl. Under these conditions, the 
optimum pH was 7.2 and dropped sharply either 
side of this value (Fig, 7A). The rate of the AtHOl 
reaction increased to a temperature of 50°C and de- 
clined thereafter (Fig. 7B). From an Arrhenius plot 
(Fig. 7B, inset), the activation energy of the AtHOl 
reaction was calculated to be 8,740 calories moi" 1 . 

We estimated kinetic parameters for the AtHOl 
reaction. Under these conditions, the V mftx was 156 
nmol BV h nmol" 1 protein with an apparent K m 
value for hemin of 1.3 jam. These values are compa- 
rable with those previously reported for human 
heme oxygenase (Wilks et al., 1995). The apparent K m 
values for ferredoxin and ascorbate were 1.9 mm and 
0*42 mw, respectively. 
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Figure 5. BV IXa is a product of ihe AtHOl reaction. Heme oxygen- 
ase reaction products were analyzed by reverse-phase HPLC after 
eiterification. Trace a, Product* from the complete AtHOl reaction. 
Trace b, Authentic BV IXa. Trace c, Mixture of 8 V IX isomers 
obtained by chemical oxidative degradatiori of hemin. Trace d, 
Products from the complete AtHOl reaction co-injected with the 
mixture of BV IX isomers. Absorbance was monitofed at 160 nm. 
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figure 6. CO is a product of the AiHOl reaction. Absorption spectra 
of myoglobin before (solid fine, Soret peak 400 nm) and 1 0 mir> after 
(dotted tine, Soret peak 421 nm) the addition of the AtHOl reaction 
products. 

DISCUSSION 

The results described here demonstrate that the 
mechanism of heme cleavage is broadly conserved 
between higher plants and previously identified 
mammalian and bacterial heme oxygenases and re- 
sults in the production of BV IXa and CO (Pigs. 3, 5 f 
and 6). In addition, AtHOl was able to bind to heme 
and form a stable complex with a similar absorption 
spectrum to that obtained with mammalian heme 
oxygenases, This suggests that although the amino 
acid sequence of AtHOl is not closely related to 
mammalian heme oxygenase sequences/ the struc- 
ture of the heme-binding site is conserved. Consis- 
tent with this, the proximal heme-binding ligand of 
human HO-1, His-25 (Sun et al., 1994), is conserved 
in AtHOl as His-S6 (His-31 in the mature protein 
after cleavage of the transit peptide; Muramoto et al v 
1999). The proposed mechanism of the heme cleav- 
age reaction based on the scheme proposed for mam- 
malian heme oxygenases is shown in Figure 8. 

Not all aspects of the heme oxygenase reaction are 
conserved, however, and one factor that is highly 
variable between different groups of organisms is the 
source of reducing equivalents. The mammalian en- 
zyme uses NADPH cytochrome P450 reductase as its 
sole source of electrons (Yoshida and Kikuchi, 
1978b), whereas the algal and cyanobacterial heme 
oxygenases use reduced ferredoxin (Cornejo and 
Beale, 1988; Rhie and Beale, 1992; Cornejo et ai., 
1998). A third redox partner, putidaredoxin, has been 
identified from in vitro studies for heme oxygenase 
from C diphtherias (Wilks and Schmitt, 1998). As a 
plastid-localized eruzyme, it might be predicted that 
AtHOl would be most similar to the algal heme 
oxygenases that are encoded in the plastid genome 
(Reith and Munholland, 1995; Richaud and Zabulon, 
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1997) or the corresponding cyanobacterial enzyme 
(Cornejo et al., 1998). Nuclear-encoded Arabidopsis 
proteins predicted to be of plastid origin have gen- 
erally been shown to be most similar to proteins from 
the cyanobacterium Synechocystti sp. PCC 6803 (Ara- 
bidopsis Genome Initiative, 2000), However, such an 
evolutionary relationship was not supported by phy- 
logenetic analysis of heme oxygenase sequences 
(Davis et al, 2001; Terry et al., 2002). In these analy- 
ses, AtHOl was found to be at least equally divergent 
from a branch containing algal and cyanobacterial 
sequences as it. was from mammalian sequences. 
Therefore, it is unclear whether AtHOl has its origin 
in the plastid genome or has a different lineage- 
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Figure 7. pH and temperature dependence of the AtHOl reaction 
The relative activity of AtHOl was calculated by BV formation. A, 
pH dependency; 8, temperature dependency. 8, inset, Arrhenius plot 
of data shown in B. 



1963 



PAGE 40/43 * RCVD AT 3J15/2004 7:33:19 PM [Eastern Standard Time] * SVR:USPTO-EFXRF-1fO * DNiS:8729306 * CSID: * DURATION (mm-ss):12^2 



MAR. 15. 2004 4:44PM 858 792-6773 FOLEY AND- LARDNER' 



NO. 4945 — P. 41 



Muramoto fit al. 





(£)-a-me«o-Hydroxyhem»<Fe*+) 
(E)-BIIIwrdln(Fe9*) 



Heme ^ 0 \^" fV<rdln 



Figure 8 The proposed mechantsm of BV IX« synthesis from heme 
mediated by heme oxygenase. This model has been adopted and 
modified from Ortiz de Montdlano 099&). 

To examine if there is biochemical conservation 
between the plant and algal/cyanobacterial proteins, 
we determined the reductant requirements for the 
plant enzyme, The results demonstrate that AtHOl 
activity is supported by reduced ferredoxin (Figs 3 
and 4), but not by cytochrome P450 reductase. In 

a have ahown that ^""toxin-mediated 

AtHOl activity can be driven directly by light in the 
presence of isolated thylakoid membranes, This sup- 
ports the view that ferredoxin is the electron donor in 
vivo, although we cannot rule out other possibilities 
The observation that the plant enzyme uses ferre- 
doxin is consistent with its localization in plastids 
(Muramoto et al., 1999) and it appears that the use of 
ferredoxin as an electron donor is conserved in all 
photosynthetic organisms examined to date. The next 
enzyme in the pathway, P<f>B synthase, is also ferre- 
doxin dependent (Kohchi et al., 2001). 

A second feature that AtHOl has in common with 
the algal and eyanobacrerial enzymes is the require- 
ment for a second reductant for BV formation. In this 
case, activity in the absence of any second reductant 
was just 10% of the activity with the most effective 
ascorbate (Table II). Activity with Trolox was about 
one-half that with ascorbate. These results are similar 
to those obtained with partially purified heme oxy- 
genase from Cyantfium caldarium (Corneio and Beale 
1988; Rhie and Beale, 1995), whereas the cyanobacte- 
rial enzyme was most active with Trolox and could 
also partially function without any second reductant 
(14% of maximum activity; Cornejo et al., 1998). The 
function of the ascorbate in the heme oxygenase re- 
action is not known. Rhie and Beale (1995) were able 
to exclude a role for it solely in the reduction of 
Fe J -heme (step 2, Fig. 8) or W+-BV (step 7), leaving 
the reduction of the ferrous dioxyheme complex to 
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a-meso^hydroxyheme (step 4) and/or the reduction 
of verdoheme to Fe 3+ -BV (step 6) as possibilities. The 
observation that the ferrous dioxyheme complex 
does not accumulate in the presence of ascorbate 
(Fig. 3), together with a reduction in CO production 
in the absence of ascorbate, suggests that this reduc- 
tant may play a role in the formation of a-meso- 
hydroxyheme (step 4). However, some CO is pro- 
duced under these conditions and ascorbate is clearly 
not absolutely required for this step or for the reduc- 
tion of Fe 3 -heme (step 2), in agreement with Rhie 
and Beale (1995). In contrast, ferredoxin is absolutely 
required for the reaction to progress through step 5 
(Figs. 3 and 8). If ascorbate is not required for Fe 3+ -BV 
JooEf* 1 ? 1 aS su S&" ested previously (Rhie and Beale, 
1995), then we may propose that ascorbate also has a 
role in the reduction of verdoheme to Fe 3+ -BV (step 
6), Interestingly, the effect of ascorbate is saturable 
\> T mM *' 9U S8 es fog that ascorbate is revers- 
ibly bmding to the enzyme and, therefore, may func- 
tion as a cofactor rather than simply as a reductant 
Another important feature of the plant enzyme is 
the dependence on the presence of an iron chelator 
for BV formation. This effect has been observed pre- 
viously for Cyanidium caldarium heme oxygenase 
(Rhie and Beale, 1995) and is believed to be required 
for the release of iron from the ferric-BV complex 
(step 7; Fig, 8), In both cases, desferoxamine was 
™ d x° be most effectiv « (Table I; Rhie and Beale, 
1995). A requirement for chelators for full activity 
was not reported for heme oxygenase from the cya- 
rt , 0b ^ i V m ^hocystis sp. PCC 6803 (Corneio et 
ai ; , 1998), but a small stimulation of activity was seen 
with pig (Sus crofa) microsomal heme oxygenase (Yo- 
shida and Kikuchi, 1978b) and the C, dipthcriae^ 
zyme also requires an iron chelator (A. Wilks, per- 
sonal communication). We can speculate that the 
strong dependence on iron chelators of the plant and 
algal heme oxygenases may be related to the plastid 
environment in which the Arabidopsis and C cal- 
darium heme oxygenases are localized. It has been 
reported that more than 90% of cellular iron is in the 
chloroplast (Terry and Abadla, 1986) and this high 
endogenous iron concentration may partially explain 
the requirement for an iron chelator for Ml activity 
It has been proposed that the iron chelator nicotiana- 
mine controls the availability of iron to chloroplast- 
localized ferrocheiatase (Stephan, 1995) and it is pos- 
sible that this chelator may also have a role in 
promoting hem© oxygenase activity in vivo, 

It is clear that other biochemical properties of 
AtHOl are also well suited to its role as a plastid- 
localized enzyme required for photochrome chro^ 
mophore biosynthesis. Ferredoxin is plastid localized 
and chloroplasts also contain very high levels of 
ascorbate (Smirnoff et al., 2001). The pH optimum of 
AtHOl activity was 7.2, close to the pH of the stroma 
at night (Enser and Heber, 1980). During the day the 
stromal P H is 8.0 and AtHOl activity, therefore, 
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would be predicted to be higher at night. However, 
more reducing power would be available during the 
day because of higher rates of photosynthetic activ- 
ity. The expression of AiHOl is also slightly higher in 
the light (Davis et al., 1999). The significance of these 
observations for the regulation of heme oxygenase 
activity is not yet clear, Very little information is 
available on the flux through heme branch of the 
plant tetrapyrrole pathway. Overexpression of phy- 
tochrome apoprotein in plant cells leads to a substan- 
tial increase in active holoprotein (e.g. Cherry et al, 
1991) and it is not thought that chromophore synthe- 
sis is limiting under normal conditions. However, 
analysis of diurnal fluctuations in the expression and 
activity of tetrapyrrole biosynthesis enzymes has re- 
vealed that the flux through the heme and chloro- 
phyll branches of the pathway is carefully controlled 
and it has been suggested that there is a channeling 
of precursors to the heme branch after the light to 
dark transition (Papenbrock et al., 1999). It may be 
that the amount and activity of AtHOl is more re- 
sponsive to the demands of heme degradation than 
P4>B synthesis, but testing this hypothesis will re- 
quire a much more detailed understanding of the 
regulation of heme and P<J>B synthesis, With the re- 
cent cloning of P*B synthase (Kohchi et a!., 2001), 
physiological and molecular studies can now be un- 
dertaken to provide a much better understanding of 
how P<t>B synthesis is regulated in plants. 



MATERIALS AND METHODS 

Expression and Purification of Recombinant AtHOl 

Thfr plaamid pGEX-HYlATP containing the HY1 gene (excluding the 
coding region for the transit peptide) fused at the 5' end to the gene coding 
for ScWstoSflffm japortiami GST was constructed and transfonn cd into Esch- 
erichia coli sb described previously (Mmamoto et al,, 1999), except that the E. 
COli strain uiCd Was BL21 (DE3), Celk containing the expressed AtHOl were 
isolated and washed algo as previously described (MuramotO Ct nl„ 1999) 
and were lyscd by sontcation for 2 min on fc<t. The Jysate was Cenfcrifuged at 
J 00,000^ for 30 min and the supernatant applied to a glutathiane-Sepharose 
4ft column (.1.5 X 2.7 cm; Amerihain Pharmacia Biotech* Uppsala), The 
fusion protein waa purified, digested with thrombin, and separated from 
GST according to the manufacturer's instruction* (Amerslum Pharmacia 
Biotech). Protein fractions containing AtHOl were further purified on a Q 
Sepharose HP column (HR 16/10) equilibrated with 100 mM HEPES-NaOH 
(pH 7.4) containing 100 m irf NaCl. The protein was eluted with a Unoar 
gradient of X00 to 300 him NaCl buffered with HBPES-NaOH (pH 7.4) and 
fracdon* containing heme oxygenase acth/Lty went pooled. The protein 
concentration of AtHOl Witt determined using an extinction coefficient at 
280 nm of 34.1 xrtM 1 Citl 1 calculated from the deduced amino acid com- 
position (Gill and von Hippcl, 1989). 



Reconstitutitm and Titration of AtHOl with Heme 

The heme-AtlJOl complex was prepared as described previously for the 
heine-h«n<: Oxygenase complex (Yoshida and Kikuchi, 197Bei). Hemin (Sig- 
ma Chemical Co., St. Uuis) Was added to the purified AtHOl to give a final 
2:1 hpmc.protoin ratio. The Sample was applied to a hydroxyapatite column 
(1.0 X 3.0 cm) equilibrated with 10 r*M potassium phosphate buffer (pH 7.4). 
The column was then washed with rhe same buffer until no more free heme 
could be detected spectrophotometrically, and the protein feluted in 200 oim 
potassium phosphate buffer (pH 7 4). The fractions containing the heme^ 
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AtHOl complex were pooled and dialysed Against 100 mM HEPES-NaOH 
(pH 7,4), 

Titration of AtHOl with heme was monitored by absorption spectros- 
copy. AJiquota of heme (0.1-10 um) were added to the cuveth* containing 5 
AtHOl at 2S e C. Spectra were recorded 5 min After heme addition and 
the K# value was obtained from the ab&orbance difference between 405 and 
350 nm. 



Heme Oxygenase Assay 

Heme oxygenase activity was assayed as previously described with 
minor modifications (Muramoto et al., 1999). The assays (1-mL final volume 
unless otherwise indicated) contained 0.1 recombinant AtHOl, 10 fiM 
hemin, 0.15 mgniL" 1 bovine scrum albumin, 50 mL" 1 (4 2 pht) spinach 
[Spinach okracea) ferrtdoxin (SigmA Chemical Co.), 0.025 units mL _1 spin* 
ach forredoxln-NADP + reductase (Sigma Chemical Co.), 5 m M ascorbate, 
and 2 mM deiferrioxamine in 100 ml* HEPES-NaOH buffer (pH 7.2) The 
reaction was tinted by adding NADPH to a final concentration of 100 ,* M 
and absorbance change* between 300 and 800 nm were recorded for 10 min. 
The rate of BV IX* formation at 25°C was calculated vsing the atworbance 
change at 650 nm. The concentration of DV iXot was estimated using A molar 
absorption coefficient at 650 nm of 6 25 mM' 1 cm" 1 in 0.1 m HEPES-NaOH 
buffer (pH 7.2) determined from published value* in other solvents (Brindle 
et al., 1986). K m and V„ BS , vaJueft were calculated for AtHOl using Hanes- 
Woolf piote For hemin, th* data were obtained using the standard assay; 
with on AtHOl concentration of 0.2 pit, with the heme concentration varied 
between 05 and 20 mm- For ascorbate and forrcdoxln, the concentre (Sons of 
the** reductante were varied between 0.1 and 10 rim and 0.17 snd 33.6 fiM, 
respectively. The effects of temperature and pH were determined using the 
Standard assay conditions as described above. 

Experiments On light- and thylakoid-mediatcd BV synthesis were based 
on those pi Miyake and ASada (1994). Recombinant AtHOl (6 ^m) was 
Incubated with 20 hm hemin, 03 mg mL -1 bovine scrum albumin, 7 p.u 
spinach ferredoxin, Isolated thylaltoid membrane? (10 ^g of chlorophyll), 3 
mM ascorbate, and 2 mM desferoxamine in 100 mM HEPES-NaOH buffer 
(pH 72) either in the darV or for 100 s in the dark followed by irradiation 
with 400 W m" 3 of actinic whito light. Aoiorbanoe was monitored at 680 nm 
and AtHOl activity was Calculated by the rate of afcworbtaoe change at this 
wavelength. 



HPtC Analysis of AtHOl Reaction Products 

On completion of the heme oxygenase reaction, glacial acetic add (50 pL) 
and 5 M HC1 (200 jaL) were added to 500-u.L aliquots of the reaction mixture 
and the products extracted into chloroform (500 juL) as described by WWs 
and Ortia de Monteliarto (1993). The organic layer was washed with distilled 
water (3 X 500 u,L) and the chloroform Was removed Under a stream of 
argon. The residue w M dlaBolved in 100 p,L of 4% (v/v) sulfuric acid in 
methanol and esterifled overnight at room temperature. The sample was 
then diluted Widi dlatilicd water (400 M L) and the esters were extracted intp 
chloroform. The organic layer waa washed repeatedly and chloroform wa* 
removed as described above. The suunpks were dissolved in HPLC solvent 
consisting of methanol: water (85:15 fv/v)) and cwtriruged at 12,000* for 
15 p. The sample Was analyzed by reverse phajie HF1C on a Wakosil-H 
5C1BHG column (5 ^m. C ia , i,6 X 250 mm, WaKo, Osaka) with elutjon at a 
flow rate of 0.4 rnL min" 1 and monitored at 380 tun (Zhu et al., 2000). The 
mixture of all four BV IX isomws was synthesized by oxidative degradation 
of hemin (O'Cara and Colleran, 1970). BV tXa waa purchased from Porphy- 
rin Products Inc. (Logan, Utah). All BV standards were esterifled as de- 
scribed above. 



Detection of Carbon Monoxide as a Reaction Ptodact 

Detection of carbon monoxide was carried out according to the method 
of Wilks and Schmltt [1999) With minor m edifications. Ten mkromolar 
recombinant AtHOt, 10 W hemin, SO pg mL - 1 spinach fcrrcdoiin, 0.025 
units mtT 1 spinach fcrrcdoxin^NADP * reductase, 5 mM a*corbnte, and 2 
mM dcsfurrloxamine in 100 mM HEPES-NaOH buffer (pH 7.2) were placed 
in both 1X1* reference and reaction cuvettes (1-mL final volume). Myoglobin 
(10 mm) was added only to the reaction cuvette and the reaction started by 
adding 200 m NADPH to both cuvettes. The difference spectrum was 
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recorded by absorption jpectroscopy at J min Intervals bettvom 300 and 600 
nm and the transition from 404 to 421 nm was monitored. 
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